When a foreign atom is placed on a surface of a metal, the surrounding sea of electrons responds screening the additional charge leading to oscillations or ripples. On surfaces, those electrons are sometimes confined to two-dimensional surface states, whose spin-degeneracy is lifted due to the Rashba effect arising from the spin-orbit interaction of electrons and the inversion asymmetric environment. It is believed that at least for a single adatom scanning tunneling microscopy measurements are insensitive to the Rashba splitting i.e. no signatures in the charge oscillations will be observed. Resting on scattering theory, we demonstrate that, if magnetic, one single adatom is enough to visualize the presence of the Rashba effect in terms of an induced spin-magnetization of the surrounding electrons exhibiting a twisted spin texture described as superposition of two skyrmionic waves of opposite chirality. * Electronic address: s.lounis@fz-juelich.de 1 arXiv:1204.0999v1 [cond-mat.mes-hall]
The lack of spatial inversion symmetry is the triggering ingredient for a wide range of new phenomena that are accessible with state of the art experimental techniques [1] [2] [3] [4] [5] [6] .
Angle-resolved photoemission spectroscopy (ARPES) was the first tool used by LaShell and coworkers [7] to discover a small energy splitting in the sp surface state band of the Au(111) surface. This splitting has been interpreted by the same authors as a realization of the interaction between the spin and orbital angular momentum, which promoted the renaissance of the Rashba physics. The surge of interest in similar effects involving the spinorbit interaction in a structural asymmetric environment is the incitement of many additional sophisticated measurements and theoretical simulations on relevant surfaces with [8] [9] [10] and without [5, [11] [12] [13] [14] [15] topologically protected surface states. Since charge oscillations (Friedel oscillations) induced by scattering of the surface-state electrons at a single adatom are blind with respect to such spin-orbit effects [16] , an alternative [17] has been proposed on the basis of a multiple scattering study consisting on probing with the scanning tunneling microscope (STM) charge oscillations confined within a corral of adatoms. Theoretical calculations [18] outline the possibility of very complex magnetic structures. We pursue a different route and investigate the possibility of grasping information on the spin-orbit interaction at surfaces exploiting the break of time inversion symmetry introduced by a magnetic adatom. As shown and discussed later, we discover an intriguing spin-texture in the spin-polarized electron gas surrounding the magnetic adatom (Fig. 1) . This new magnetic behavior can be very similar to the topological twists, called skyrmions [1-3, 20, 21] . Parts of our predictions have recently been verified in the interferences produced by the scattering at a MnPc molecule of the complex surface states of Bi(110) surface [15] .
Our investigation is based on a Rashba Hamiltonian [19] that describes a two-dimensional gas of free electrons confined in the (xy) plane of a metallic surface:
considered with respect to a zero-energy reference defined by the bottom of the dispersion curve in absence of the spin-orbit coupling. m * is the effective mass of the electron and α R is the effective Rashba parameter, describing the strength of the effect, whose value is determined in principle by the atomic spin-orbit strength as well as by the degree of asymmetry of the wavefunction imposed by the presence of the surface [16] . Here, however, α R is chosen to model the experimental dispersion relation of the suface state. Quite gener- 
) is a two spin-split cone-shaped parabolic energy dispersion curve by which the origins of the parabola E 1(2) are shifted with respect Fig. 2 ). When k 2 changes sign from positive to negative, the two branches of the dispersion curves cross. Unless stated otherwise, we shall consider in the upcoming text only positive k 2 .
The scattering of the surface-state Rashba electrons on a magnetic adatom deposited on a substrate is investigated using scattering theory, which has been successfully applied in the description of electron scattering at adatoms [22] [23] [24] . This theory involves the calculation of Green functions, which allow an elegant treatment of the electronic properties including the embedded adatom by solving the Dyson equation, G = G 0 + G 0 tG 0 , where all quantities are site, spin and energy dependent matrices. We note that the electronic properties of the adatom are inscribed into the scattering matrix t, the amplitude of the electron-wave scattering at the adatom. G 0 is the Green function of the pure two-dimensional electron gas corresponding to the Hamiltonian (1) that is constructed using the eigenvectors |ψ 1(2) :
In case the Rashba effect vanishes, the off-diagonal part of the Green function, G ND , is The obtained results are general, but to strengthen our point we consider as an application the system of an Fe adatom on the Au(111) surface, since the system has been proven experimentally accessible by low-temperature STM and for Au the presence of a large Rashba effect has been shown experimentally [7] . On such a surface, Jamneala and coworkers [27] found that contrary to Ti, Co, and Ni, no Kondo peak was observed for V, Cr, Mn, and
Fe adatoms meaning, that for the latter elements indeed a local magnetic moment exists and it is not screened by the conduction electrons [28] . We treat Fe as an adatom with a magnetic moment pointing along the z-direction perpendicular to the surface since our 5 first-principles calculations [29] (see supplementary material) predict this to be the easy axis with a magnetic anisotropy energy of about 12 meV.
Hence, such a case imposes a scattering matrix that is diagonal in spin-space,
which can be related to the phase-shift δ(E) experienced by the incoming electron waves 
and is plotted in Fig. 1(a) for all states at E = E F . At large distances R, the circular induced standing wave undulations, ∆n(R; E), can be expressed as
. When the spin-orbit coupling is negligible, i.e. k 1 ∼ k 2 , we recover the conventional form of the adatom induced energy dependent charge density oscillations ∼ cos(2kR) 2kR [22, 23] . Regardless of the spin-orbit interaction, there is only one wave vector, 2k = k 1 + k 2 , that describes the oscillations, with the corresponding wavelength at E F given by λ F /2 ∼ 18.7Å . Consistent to the work of Petersen and Hedegård [16] and confirmed by Walls and Heller [17] , no signature or information on the Rashba effect or spin-orbit interaction of the surface atoms can be extracted from the LDOS.
This picture changes fundamentally when we look at the LMDOS. Due to the presence of a magnetic adatom (t ↑↑ = t ↓↓ ), the magnetization density perpendicular to the surface and in the surface plane are non-zero. We find concentric rings M (R) of equal size magnetization density surrounding the Fe adatom, with magnetization densities emanated at the center of 6 the Fe atom wrangling in the (M z (R), M r (R)) plane ( Fig. 1(a) ). Contrary to the LDOS, the magnetization density is non-trivially modulated by the Rashba effect. Analysing the (k cos(2kR) cos(2k so R) − k so sin(2kR) sin(2k so R)). At the Fermi energy of gold, k so is expected to be very small compared to k. At distances much smaller than the spinrotation length but long enough that the previous asymptotic behavior holds, M z simplifies more to m * π 2 2 kR cos(2kR) and oscillates similarly to the LDOS with or without spin-orbit interaction. This explains the wavelengths of the induced initial ripples being, as expected, twice the Fermi wavevector. In fact one has to go far beyond the vicinity of the adatom, at distances of the order of the spin-rotation length, to see an effect achieved by the intriguing phase switch observed around 60Å. Indeed, the new spin-rotation length corresponding to a full rotation from 0 o to 180 o occurs around 115Å, which means that the change of sign occurs at half this value. Another substrate with a stronger Rashba coupling parameter would impose a more important phase-shift at smaller distances. M r , which is proportional to − m * π 2 2 k 2 R (k cos(2kR) sin(2k so R) + k so sin 2kR cos(2k so R)) can be further simplified -for rather short distances -to − 2m * kso π 2 2 k cos(2kR), similar to the cosine behavior that characterizes
Although the spin-texture looks very complex at first sight it can be understood as a linear combination of two skyrmionic waves, This multi-skyrmionic magnetic waves can be destroyed or manipulated by modifying the spin-orbit interaction. By switching it off, only the magnetization along the z-direction would be finite. One way to tune the Rashba effect is to change the substrate nature gradually [30, 31] . Such an experiment is very difficult to realize but we propose another tuning method: Instead of the Fermi energy, one could probe at different energy varying the bias voltage between tip and sample. For example, by decreasing the value of the energy probed, the wavelength corresponding to 2k decreases which is accompanied by a decrease in the number of nodes. This is observable in the two additional examples depicted in This suggests that the scanning tunneling spectroscopy (STS) experiment of Ast et al. [14] , but spin-polarized, would be also a way to verify our predictions.
To summarize, we have revealed a new type of spin-texture (see Fig. 4 ) induced in a confined electron gas subject to the Rashba effect by a magnetic atom. These structures can be understood as a kind of combination of skyrmionic-like waves of opposite chirality. 
